Background. Ischemic preconditioning (IP) renders tissues more tolerant to subsequent longer episodes of ischemia. This study tested whether IP attenuates injury of small-for-size liver grafts by preventing free radical production and mitochondrial dysfunction. Methods. IP was induced by clamping the portal vein and hepatic artery for 9 min. Livers were harvested 5 min after releasing the clamp. Mitochondrial polarization and cell death were assessed by intravital confocal/multiphoton microscopy of rhodamine 123 (Rh123) and propidium iodide. Free radicals were trapped with ␣-(4-pyridyl 1-oxide)-Ntert-butylnitrone and measured using electron spin resonance. Results. After quarter-size liver transplantation, alanine aminotransferase, serum bilirubin, necrosis, and apoptosis all increased. IP blocked these increases by more than 58%. 5-Bromo-2Ј-deoxyuridine labeling and increases of graft weight were only ϳ3% and 0.2% in quarter-size grafts without IP, respectively, but increased to 32% and 60% in ischemic-preconditioned grafts, indicating better liver regeneration. Eighteen hours after implantation, viable cells with depolarized mitochondria in quarter-size grafts were 15 per high power field, and dead cells were less than 1 per high power field, indicating that depolarization preceded necrosis. A free radical adduct signal was detected in bile from quarter-size grafts. IP decreased this free radical formation and prevented mitochondrial depolarization. IP did not increase heat shock proteins 10, 27, 32, 60, 70, 72, 75 and Cu/Zn-superoxide dismutase (SOD) but increased heat shock protein-90, a chaperone that facilitates protein import into mitochondria, and mitochondrial Mn-SOD. Conclusion. Taken together, IP decreases injury and improves regeneration of small-for-size liver grafts, possibly by increasing mitochondrial Mn-SOD, thus protecting against free radical production and mitochondrial dysfunction.
L
iver ischemia/reperfusion (I/R) injury is commonly associated with liver transplantation. Ischemic preconditioning (IP) renders organs tolerant to subsequent longer episodes of ischemia (1) (2) (3) (4) . In livers, IP decreases liver injury after both warm and cold I/R (2). Several mechanisms have been proposed for protection by IP, including activation of adenosine receptors (5) , increased nitric oxide production (2, 5) , activation of protein kinase C, opening of adenosine 5Ј-triphosphate (ATP)-sensitive K ϩ channels, up-regulation of heat shock proteins (Hsp) (6) , and increases of antioxidant capacity (7) (8) (9) (10) (11) .
Although the number of living donor and split liver transplantations has increased rapidly in recent years, the demand for procedure is severely limited by liver tissue availability (12, 13) . The current practice of removing more than 50% of the donor liver involves significant trauma and sometimes endangers the donor. Given the remarkable regenerative capacity of the liver, removal of significantly less donor liver would greatly increase the safety margin and acceptability of living liver donation. Unfortunately, small-for-size liver grafts (graft-to-recipient weight ratio of Ͻ0.8%-1% or graft volume/standard liver volume of Ͻ30%-40%) decreases recipient survival from more than 90% to 30%ϳ80% and adversely affects graft function after transplantation (12, 14 -18) . ATP production declines substantially in small-for-size liver grafts, which is associated with hepatocellular injury, suppressed regeneration, and higher mortality (19, 20) . These findings suggest that defective energy production plays an important role in failure of small-for-size liver grafts.
In aerobic metabolism, oxidative phosphorylation is the major process that generates ATP (21) . As electrons are transferred through the respiratory chain (complexes I to IV), an electrochemical gradient of H ϩ ions forms across the mitochondrial inner membrane. The energy of this proton gradient drives ATP synthesis through the mitochondrial ATP synthase (complex V). Respiratory inhibition, mitochondria permeability transition (MPT), protonophoric uncoupling, and expression of uncoupling proteins can cause mitochondrial membrane depolarization, which compromises energy production and leads to cell injury and death.
The MPT is caused by opening of permeability transition (PT) pores in the mitochondrial inner membrane that nonselectively allow access of aqueous solutes up to a molecular weight of about 1500 Da (22, 23) . Growing evidence implicates a critical role of the MPT in necrosis and apoptosis (24, 25) . Our recent study showed that N-methyl-4-isoleucine cyclosporin, a specific inhibitor of the MPT, prevents mitochondrial depolarization and mitigates graft injury after small-for-size liver transplantation (26) . Reactive oxygen species (ROS) promote opening of PT pores (27) (28) (29) . Free radicals increase markedly after transplantation of small-for-size liver grafts, and potent antioxidant polyphenols prevent mitochondrial depolarization and decreased injury of small-for-size liver grafts (19, 20, 26) . These findings suggest that ROS production and the MPT play critical roles in injury of small-for-size liver grafts. Accordingly, this study investigated whether IP protects small-for-size liver grafts by preventing free radical production and mitochondrial dysfunction.
METHODS

Ischemic Preconditioning and Liver Transplantation
Male Lewis rats (170 -200 g) were used for orthotopic liver transplantation. Under ether anesthesia, the donor abdomen was opened, and 200 U of heparin was injected into the vena cava. After 2 min, IP was induced by clamping the portal vein and hepatic artery for 9 min. At 5 min of releasing the clamp, livers were flushed with 5 mL University of Wisconsin cold storage solution (0°C-1°C, Barr Laboratories Inc., Pomona, NY) through the portal vein and explanted. Preliminary studies showed that 9-min ischemia provided maximal protection to partial liver grafts, but longer ischemia (12 min), by contrast, increased graft injury after transplantation.
Cuffs prepared from 14-gauge intravenous (i.v.) catheters were placed over the subhepatic vena cava and the portal vein, and liver mass was reduced by ϳ50%, as described previously (20, 26, 30) . After 6 hr storage in University of Wisconsin solution at 0°C to 1°C, reduced-size explants were implanted into recipients of similar (170 -200 g) or greater body weight (350 -420 g) to yield a graft weight/standard liver weight (defined as 4% body weight) of ϳ50% (half-size) and ϳ25% (quarter-size), respectively (20, 26) . Unreduced livers were implanted into recipients of similar body weights as full-size controls. Under these conditions, 2-week survival was 100% in full-size grafts, 80% in half-size grafts, and 30% in quarter-size grafts (20, 26) . Graft weight was measured just before cold storage and after harvesting at 38 hr after implantation. All animals were given humane care using protocols approved by the Institutional Animal Care and Use Committee.
Serum Alanine Aminotransferase and Total Bilirubin
Previous studies showed that alanine aminotransferase (ALT) peaks at 18 hr and bilirubin peaks at 38 hr after quarter-size liver transplantation (20, 26) . Accordingly, blood samples were collected at 18 and 38 hr after implantation to measure ALT and bilirubin, respectively, using analytical kits from Sigma Chemicals (St. Louis, MO). ALT and bilirubin are affected by graft size and recipient blood volume. Therefore, their levels were normalized by multiplying by the recipient's standard blood volume (6.4% of body weight) and dividing by graft weight (31) . After implantation, livers were infused with 10 mL normal saline followed by 10 mL of 4% paraformaldehyde (Sigma) in Dulbecco's phosphate buffered saline (Invitrogen Corp. Grand Island, NY). After immersion in 4% paraformaldehyde for 48 hr, tissue blocks were imbedded in paraffin. Liver sections stained with hematoxylin-eosin were assessed in a blinded manner, and necrotic areas were quantified by image analysis (20) . Apoptosis was assessed by labeling DNA strand breaks immunohistochemically using an In Situ Cell Death Detection Kit (Roche Diagnostics Corp., Indianapolis, IN) (26) .
Histology and Immunohistochemical
To detect cell mitosis, 5-bromo-2Ј-deoxyuridine (BrdU) was injected (100 mg/kg, intraperitoneally) 37 hr after implantation, and livers were harvested 1 hr later. BrdU incorporation and proliferating cell nuclear antigen expression were determined by immunohistochemical staining in liver sections (19, 20) . Positive and negative cells were counted in 10 randomly selected fields using a 20ϫ objective lens. For 4-hydroxynonenal (4-HNE) adduct staining, slides were incubated with primary antibody (1:500 dilution) for 30 min at room temperature (20, 26) .
Detection of Heat Shock Proteins and Superoxide Dismutases
Liver tissue was homogenized in 0.1 M phosphate buffer (pH 7.2) containing 0.1% sodium dodecyl sulfate, 1% IGEPal, 1% protease, and 1% phosphatase inhibitor cocktails (Sigma), and the extract was centrifuged at 14,000g for 15 min at 4°C. Aliquots of supernatant (40 g of protein) were separated on NuPAGE 4% to 12% Bis-Tris gels (Invitrogen Inc., Carlsbad, CA), transferred onto nitrocellulose membranes, and immunoblotted overnight at 4°C with primary antibodies specific for Hsp10, Hsp27, Hsp32, Hsp60, Hsp70, Hsp72, Hsp75, Hsp90, superoxide dismutase 1 (SOD1), and SOD2 at a concentration of 1:1,000 (Hsp72 antibody from Stressgen, Victoria, BC, Canada; Hsp75 antibody from BD Biosciences, San Jose, CA; other antibodies from Santa Cruz Biotechnology Inc., Santa Cruz, CA). Horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) were then applied, and detection was by chemiluminescence (Pierce Biotechnology Inc., Rockford, IL).
Intravital Confocal and Multiphoton Microscopies
Polarized mitochondria, which have a negative membrane potential, take up Rh123 (Sigma), a cationic fluorophore. When mitochondria depolarize, Rh123 is released from mitochondria. At 18 hr after transplantation or sham operation, rats were anesthetized with pentobarbital (50 mg/kg, intraperitoneally) and connected to a small animal ventilator by means of a respiratory tube as described (32) . Rh123 (6 mol/ rat) and propidium iodide (PI, 160 nmol/rat), which labels nu-clei of nonviable cells, were infused by means of polyethylene (PE50) tubing inserted into the carotid artery over 10 min.
To perform intravital confocal microscopy, livers of prone anesthetized laparotomized rats were placed over a coverslip mounted on the stage of CARV II spinning disk confocal microscope (BD Biosciences). Images were collected with a Zeiss 63ϫ 1.3-numerical aperture C-apochromat water immersion objective lens using excitation wavelengths of 488 and 555 nm and a multiwavelength emission filter, as described (26) . During image acquisition, the respirator was turned off for ϳ5 sec to eliminate breathing movement artifacts. In 10 fields per liver, parenchymal cells were scored for bright punctate green Rh123 fluorescence representing cells with polarized mitochondria or a dimmer diffuse cytosolic fluorescence representing cells with depolarized mitochondria in a blinded manner. Nonviable PI-positive cells, indicated by red nuclear fluorescence, were counted in the same fashion.
Intravital multiphoton microscopy achieves deeper penetration into the tissue (33, 34) . Therefore, mitochondrial depolarization and the MPT were also detected in some rats by intravital multiphoton microscopy using a Zeiss LSM 510 NLO (Thornwood, NY) equipped with a ϫ63 water-immersion objective lens. Green Rh123 and red PI fluorescence excited with infrared light of 820 nm was imaged through 500 to 550 nm and 650 to 710 nm bandpass emission filters, respectively in ϳ10 random fields per liver.
Detection of Free Radical Adducts
Free radical formation was assessed by electron spin resonance (ESR) of the spin-trapping reagent ␣-(4-pyridyl 1-oxide)-N-tert-butylnitrone (4-POBN, 1 g/kg body weight). 4-POBN was injected slowly into the tail vein. Bile was collected into 50 L of ice-cold chelator solution containing 30 mM dipyridyl (Sigma) and 30 mM bathocuproinedisulfonic acid (Aldrich Chemical Co. Milwaukee, WI) for 1.5 hr and stored at Ϫ80°C until analysis. Free radical adducts were detected with a Bruker EMX ESR spectrometer (Bruker Scientific Instruments, Billerica, MA), as described (35, 36) , and quantified by averaging amplitudes of the left doublets of the ESR spectra (37) .
Statistical Analysis
Groups were compared using analysis of variance plus a Student-Newman-Keuls post hoc test. Data shown are meansϮSEM (four to six livers per group). Differences were considered significant at PϽ0.05.
RESULTS
Ischemic Preconditioning Decreases Liver Injury in Small-for-Size Liver Grafts
No pathologic changes were observed in livers at 38 hr after sham operation (data not shown). Necrosis and eosinophilic inclusion bodies were observed in quarter-size liver grafts after implantation (Fig. 1A, left) . Such changes were rarely present in full-size and half-size grafts (data not shown). Necrotic areas determined by image analysis constituted ϳ15% of liver sections in quarter-size grafts compared with ϳ2% in full-size grafts (Fig. 1B) . IP decreased necrotic areas in quarter-size grafts to 5% (Fig. 1A left and B) .
Apoptosis in liver sections was detected by terminal deoxynucleotide transferase-mediated dUTP nick-end labeling staining. Terminal deoxynucleotide transferase-mediated dUTP nick-end labeling-positive cells were 0.15% after sham operation and 0.35% after transplantation of full-size grafts (PϾ0.05, Fig. 1C ) but increased to 0.8% at 38 hr after transplantation of quarter-size grafts (PϽ0.05), indicating increased apoptosis. This effect was completely blocked by IP (Fig. 1C) . Although apoptosis increased in small-for-size liver grafts, only a small number of hepatocytes (Ͻ1%) underwent apoptosis. Therefore, increased cell killing after quarter-size liver transplantation was mainly attributed to necrosis rather than apoptosis. Before implantation, serum ALT was ϳ0.05 U/g of liver. At 18 hr after implantation, ALT increased to 1.5 and 18.5 U/g in rats receiving full-size and quarter-size grafts, respectively ( Fig. 2A) . IP decreased ALT by 58% in rats implanted with quarter-size liver grafts ( Fig. 2A) . Basal serum bilirubin was 0.0025 mg/g of liver and did not increase after transplantation of full-size grafts. After transplantation, bilirubin increased to 0.42 mg/g at 38 hr in rats receiving quartersize grafts (Fig. 2B) , and this effect was blunted by 90% by IP (Fig. 2B) . Taken together, these results showed that IP markedly decreased injury to quarter-size grafts.
Liver Regeneration Is Suppressed in Small-forSize Liver Grafts: Prevention by IP
Liver regeneration is suppressed in small-for-size liver grafts (19, 26) . Therefore, we investigated whether IP improves liver regeneration. BrdU-incorporation was barely detectable 38 hr after sham operation (Fig. 3B ) and in full-size grafts (Fig. 3A upper left and B) . BrdU labeling increased sharply to 14.8% in half-size grafts but was only 3.3% in quartersize grafts (Fig. 3A upper right and lower left and B) . IP increased cell proliferation markedly in quarter-size grafts to 31.5% (Fig. 3A lower right and B) . Proliferating cell nuclear antigen staining, another indicator of cell proliferation, showed similar alterations (data not shown).
Graft weight did not increase after transplantation of fullsize grafts but increased 43% in half-size grafts after 38 hr (Fig.  3C) . After quarter-size transplantation, graft weight did not increase, indicating suppression of liver regeneration. After IP, however, graft weight increased 60% in quarter-size grafts (Fig. 3C) .
Ischemic Preconditioning Prevents Mitochondrial Depolarization in Small-for-Size Liver Grafts
To monitor mitochondrial polarization and cell death, we performed intravital confocal/multiphoton microscopy of Rh123 and PI at 18 hr after transplantation. After sham op- After quarter-size transplantation, many hepatocytes contained depolarized mitochondria not accumulating Rh123 (Fig. 4 , upper right, 14.8 cells/hpf). Occasionally, some parenchymal and nonparenchymal cells became labeled with PI (Ͻ1 cell/hpf). PI-labeled hepatocytes never contained polarized mitochondria, whereas most hepatocytes with depolarized mitochondria excluded PI, indicating that mitochondria depolarization preceded cell death. IP blocked mitochondrial depolarization by 66% (Fig. 4 , lower left and right, 5.0 cells/hpf). IP did not significantly decrease PI uptake, because cell death at this early stage after transplantation was very low (Ͻ1 cell/hpf).
Ischemic Preconditioning Increases Heat Shock Protein-90 and Mn-Superoxide Dismutase After Transplantation of Small-for-Size Liver Grafts
Previous studies showed that IP induces expression of Hsp's, which is associated with protection against I/R injury (6, 8, 38) . Accordingly, we examined the effects of IP on Hsp expression before and after liver transplantation. Expression of Hsp10, a mitochondrial Hsp that facilitates the folding of proteins, was not altered by IP before and after transplantation (Fig. 5A) . Previous studies showed that IP increases Hsp27 (39) . However, in this study, Hsp27 was similar with and without preconditioning before implantation. After transplantation, Hsp27 increased in full-size and half-size grafts in comparison with freshly isolated livers and was almost absent in quarter-size grafts regardless of IP (Fig. 5A) . Hsp32, which is heme oxygenase (HO)-1, was also not affected by IP before implantation. After half-size and quartersize transplantation, an additional smaller molecular weight band of Hsp32 appeared, indicating a modification or degradation of the Hsp32 molecule. A recent study showed that a similar faster-migrating HO-1-immunoreactive band appears in cultured fibroblasts exposed to hypoxia, which represents a C-terminal truncated form of HO-1 having similar capability of protection against hydrogen peroxide-mediated cell injury as the original form (40) . This modification of Hsp32 increased to a greater extent in quarter-size grafts than in half-size grafts (Fig. 5A ) and was less overt in quarter-size grafts pretreated with IP. However, the total amount of Hsp32 was lower in quarter-size grafts pretreated with IP compared with quarter-size grafts without IP (Fig. 5A) .
Hsp60, which exists in both cytosol and mitochondria, and Hsp75, a mitochondrial Hsp, also were not changed by IP before and after liver transplantation (Fig. 5A) . Hsp70, by contrast, was higher in quarter-size grafts without IP compared with ischemic-preconditioned quarter-size grafts after transplantation (Fig. 5A) . Hsp72, the inducible form of Hsp70, was not detectable before and after transplantation. These results are different from previous reports that IP increases Hsp32 and Hsp70 (41) . By contrast, Hsp90, which acts as a chaperone to facilitate transport of proteins into mito- chondria, was decreased 47% in quarter-size grafts compared with sham operation, and this effect was completely blocked by IP (Fig. 5A,B) .
We also investigated the effects of IP on expression of antioxidant enzyme SOD. Expression of cytosolic SOD1 (Cu/ Zn-SOD) was not altered by IP before and after liver transplantation (Fig. 5A) . By contrast, SOD2 (Mn-SOD), the SOD located in mitochondria, decreased 66% after quarter-size liver transplantation. IP substantially increased Mn-SOD in quarter-size grafts after transplantation (Fig. 5A, C) , indicating that IP increased the antioxidant capacity of mitochondria.
Ischemic Preconditioning Decreased Free Radical Production in Small-for-Size Liver Grafts
ROS trigger onset of the MPT (27) (28) (29) . Accordingly, we investigated whether IP prevents ROS production after partial liver transplantation. A small six-line ESR spectrum was detected in bile from rats receiving full-size grafts [ (Fig. 6, upper [D] and middle), indicating that IP decreases free radical production.
4-HNE adducts, an end product of lipid peroxidation, were barely detectable after sham operation (Fig. 6, lower) . After transplantation of full-size grafts, 4-HNE adducts increased slightly in comparison with sham operation. By contrast, 4-HNE adducts increased markedly in quarter-size grafts. This effect was blocked by IP.
DISCUSSION Ischemic Preconditioning Decreases Cell Death and Promotes Liver Regeneration in Small-forSize Liver Grafts by Prevention of Mitochondrial Depolarization
Transplantation of small-for-size liver grafts is associated with increased mortality and impaired graft function (12, 18 -20) . Poorer outcome is probably related to increased metabolic demands and decreased tolerance to I/R injury. Therefore, improved tolerance to I/R injury might protect small-for-size liver grafts. IP decreases liver injury after warm I/R and improves graft survival after whole and partial liver transplantation (2, 11, 41, (43) (44) (45) (46) . Consistently in this study, IP blunted injury and improved liver regeneration of quarter-size liver grafts, indicating that IP could also be a potential treatment to prevent failure of small-for-size liver grafts clinically.
Mitochondria plays an important role in graft survival and function. After clinical living donor liver transplantation, alteration of arterial ketone body ratios, a measure of hepatic mitochondrial function, is an early indicator of graft dysfunction (47) . Our recent study showed that defective energy sup-FIGURE 5. Expression of heat shock proteins and superoxide dismutases after transplantation of small-for-size liver grafts. Rat livers were exposed to ischemic preconditioning (9 min clamping plus 5 min of reperfusion) or shamoperation (waiting for 14 min after the abdomen is opened) as describe in Methods. Livers were harvested from nontreated rats (naive), after liver explantation, back-table preparation, and cold storage (before implantation), and at 18 hr after transplantation. Heat shock proteins (Hsp), superoxide dismutases (SOD), and actin were detected by Western blotting. 100%, full-size graft; 50%, half-size graft; 25%, quarter-size graft; IP, ischemic preconditioning. ply occurs after transplantation of small-for-size liver grafts (19, 26) . Therefore, in this study we investigated whether IP prevents mitochondrial dysfunction. We found that IP largely blocked mitochondrial depolarization that occurs in many of the hepatocytes of small-for-size liver grafts, and this effect was associated with protection against graft injury and improvement of liver regeneration. These data indicate that IP improves the outcome of small-for-size liver transplantation, most likely by preventing mitochondrial dysfunction.
Although several mechanisms potentially might contribute to mitochondrial depolarization after transplantation of liver grafts, the finding that N-methyl-4-isoleucine cyclosporine, a specific inhibitor of the MPT, largely prevents mitochondrial depolarization in small-for-size liver grafts (26) strongly supports the hypothesis that the mitochondrial depolarization is caused by onset of the MPT (48) . In this study, IP effectively prevented mitochondrial depolarization, suggesting that IP prevents onset of the MPT in small-for-size liver grafts.
The MPT plays a critical role in cell death after I/R (24). The MPT leads to decreased mitochondrial membrane potential, causing failure of oxidative phosphorylation and necrotic cell death (27, 28) . The MPT also causes release of cytochrome c from mitochondria, triggering apoptosis (27, 49) . In addition, decreased ATP will suppress liver regeneration, because ATP not only serves as the energy supply for biogenesis of new liver cells but also affects a number of signaling pathways controlling cell proliferation, such as cJun N-terminal kinase, its upstream kinases (50, 51) , and mTOR/p70 S6 kinase signaling pathways (52, 53) . Because proper mitochondrial function is essential for survival and recovery of partial liver grafts, prevention of the MPT by IP improves the outcome of transplantation of small-for-size liver grafts.
Ischemic Preconditioning Decreases Reactive Oxygen Species in Small-for-Size Liver Grafts
ROS directly damage mitochondrial membranes and trigger opening of PT pores (27) (28) (29) . Free radical-scavenging polyphenols block mitochondrial depolarization in small liver grafts (26) , indicating that MPT onset is a ROS-dependent phenomenon. The idea that IP protects against I/R injury by decreasing ROS has been controversial (8, 9) . Some studies indicate that SOD increases after preconditioning, whereas other studies observed no change in SOD, catalase, or glutathione peroxidase in preconditioned tissues (8, 9) . Here, we used spin-trapping to measure free radical levels directly. We found that ROS production increased markedly in small-for-size liver grafts, an effect that was associated with widespread mitochondrial depolarization. IP substantially decreased ROS production and prevented mitochondrial depolarization. These findings are consistent with the conclusion that decreased ROS formation after IP prevents the MPT and subsequent injury to small-for-size liver grafts.
Cytosolic Cu/Zn-SOD (SOD1) did not increase after IP, but Mn-SOD (SOD2), the mitochondrial SOD, increased substantially in quarter-size grafts after IP, indicating a better mitochondrial antioxidant capacity. The respiratory chain generates superoxide anion, and mitochondria represent a major source of cellular ROS. Mitochondrial Mn-SOD and glutathione peroxidase are indispensable for the detoxifica- tion of ROS within the mitochondrial compartment. Because ROS triggers the MPT, decreased mitochondrial ROS by SOD2 action likely protects against mitochondrial dysfunction in small-for-size liver grafts.
Effects of Ischemic Preconditioning on Heat Shock Proteins
IP up-regulates Hsp's in various tissues and cells (6, 8, 38, 41, 54) . In general, Hsp's serve as molecular chaperones, help clear damaged proteins to effect repair of cellular structures (55, 56, 57) and inhibit cell death caused by various insults (58 -63) . Hsp's have also been shown to protect mitochondria. For example, overexpression of Hsp10 and Hsp60 maintains mitochondrial integrity and function of cardiomyocytes during I/R (64). Inducers of HO-1 (Hsp32) increase targeting of HO-1 to the mitochondrial inner membrane, thus decreasing NO-dependent mitochondrial oxidant production (65) . Heat shock treatment increases expression of mitochondrial Hsp25 and inhibits the MPT onset (66) . Although the exact molecular composition of PT pores remains unclear, one proposal is that PT pores form by aggregation of damaged, misfolded integral membrane proteins in association with cyclophilin D and other molecular chaperones (67) . Chaperone proteins, such as Hsp's, bind to these protein aggregates to block conductance (67) . As the number of misfolded protein clusters exceeds the number of chaperones available to block MT pore conductance, unregulated pores accumulate (67) . Therefore, up-regulation of Hsp's by IP might decrease the cellular susceptibility to the MPT and I/R insults.
Here, IP did not increase Hsp10, Hsp27, Hsp32, Hsp60, Hsp70, Hsp72, and Hsp75 before or after transplantation of quarter-size grafts. Therefore, prevention of mitochondrial depolarization by IP is unlikely because of up-regulation of these Hsp's. This result is different from a recent report that showed an increase of Hsp32 and Hsp70 in IP-pretreated partial liver grafts (41) . However, in that study, half-size liver transplantation was performed (41) . Previously, we observed a substantial difference in free radical production and activation of c-Jun N-terminal kinase and activating protein-1 between half-size and quarter-size grafts (19) . Thus, differences of kinase and transcription factor activation, shear stress, or metabolic burden in quarter-size versus half-size liver grafts may be responsible for difference of Hsp expression in these two studies.
Hsp90, a protein that assists transporting protein into mitochondria, increased substantially in quarter-size grafts after IP compared with quarter-size grafts without IP. Although mitochondria synthesize some of their own proteins, most of the mitochondrial proteins are encoded in the nucleus and synthesized in the cytosol as unfolded "import competent" preproteins. Such preproteins must be imported and folded within the mitochondria before they become active (68 -70) . Precursor proteins that are not efficiently imported into the mitochondria are rapidly degraded in the cytosol by proteasomes (71) . Cytosolic chaperones, such as Hsp90 and Hsc70 bind to preproteins, maintain the unfolded conformation of preproteins and prevent aggregates from forming. Hsp's also enhance import efficiency because the Tom70 import receptor of the translocase of the mitochondrial outer membrane contains specific docking sites for Hsp90 and Hsc70 chaperones (72, 73) . Oxidative stress impairs mitochondrial import and processing of SOD2 (74) , and improved mitochondria import caused by increased HSP90 expression may represent a mechanism that helps to protect mitochondria from injury by facilitating uptake of antioxidant proteins into the mitochondrial compartment. Import is also crucial to replace damaged mitochondrial proteins and to support mitochondrial biogenesis during tissue regeneration. Future studies will investigate whether up-regulation of Hsp90 might facilitate import of SOD2 and other preproteins into mitochondria, and thus increase the levels of these proteins within the mitochondrial compartment.
Taken together, our data indicate that mitochondrial depolarization and dysfunction occur after transplantation of small-for-size liver grafts, which is due, at least in part, to ROS-dependent onset of the MPT. IP protects against graft injury and improves regeneration of small-for-size liver grafts, most likely by up-regulating mitochondrial Mn-SOD, decreasing ROS production and preventing mitochondrial dysfunction.
